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Abstract
The high-energy scattering of massive electroweak bosons, known as vector boson scattering (VBS), is a sensitive probe of new
physics. VBS signatures will be thoroughly and systematically investigated at the LHC with the large data samples available and
those that will be collected in the near future. Searches for deviations from Standard Model (SM) expectations in VBS facilitate
tests of the Electroweak Symmetry Breaking (EWSB) mechanism. Current state-of-the-art tools and theory developments, together
with the latest experimental results, and the studies foreseen for the near future are summarized. A review of the existing Beyond
the SM (BSM) models that could be tested with such studies as well as data analysis strategies to understand the interplay between
models and the effective field theory paradigm for interpreting experimental results are discussed. This document is a summary of
the EU COST network “VBScan” workshop on the sensitivity of VBS processes for BSM frameworks that took place December
4-5, 2019 at the LIP facilities in Lisbon, Portugal. In this manuscript we outline the scope of the workshop, summarize the different
contributions from theory and experiment, and discuss the relevant findings.
Keywords: BSM, Vector boson scattering, LHC
PACS: 29.40.Gx, 29.40.Ka
1. Introduction
This document summarizes the contributions, discussions,
and conclusions from the topical workshop on “Beyond the
Standard Model (BSM) processes in Vector Boson Scattering
(VBS) signatures,” of the EU COST Action 16108 “VBScan”,
URL: michele.gallinaro@cern.ch (Michele Gallinaro (ed.)),
kenneth.long@cern.ch (Kenneth Long (ed.)), juergen.reuter@desy.de
(Ju¨rgen Reuter (ed.)), richard.ruiz@uclouvain.be (Richard Ruiz (ed.))
which took place on December 4-5, 2019, at the Laborato´rio de
Instrumentac¸a˜o e Fı´sica Experimental de Partı´culas, LIP Lis-
bon. The main scope of this workshop was to bring together
scientists working on BSM physics within the community of
experimentalists and theorists focused on the VBS signatures at
the LHC. The purpose was two-fold: (1) to give an overview
over the status of these measurements with the LHC Runs 1
and 2 at
√
s = 7, 8 and 13 TeV, and (2) to use the existing
constraints on extensions of the Standard Model (SM) to see
whether these signatures can be used to obtain more informa-
Preprint submitted to Elsevier May 21, 2020
ar
X
iv
:2
00
5.
09
88
9v
1 
 [h
ep
-p
h]
  2
0 M
ay
 20
20
Figure 1: Logo of the VBScan Workshop at LIP Lisbon, December 4-5, 2019.
tion on specific BSM models. Phenomenologists working on
BSM model-building usually focus on simpler processes, i.e.
with (much) higher cross sections (e.g. top processes, Drell-
Yan, dibosons, Higgs processes), while the efforts of the ex-
perimental ATLAS and CMS collaborations for VBS until now
only covered measurements of SM cross sections and setting
limits on deviations of the SM in terms of dimension-6 and
dimension-8 operators in a SM Effective Field Theory (SMEFT
or HEFT). The workshop was intended to bring together these
two communities, to kick off possible collaborations, to raise
the interest of BSM phenomenologists into VBS signatures as
well as the interest of experimentalists into specific BSM mod-
els that are testable with VBS data. In particular, discussions
were fostered on how to best utilize the Run 2 and upcoming
Run 3 data sets for VBS processes.
This document is structured into four parts: The first part,
Sec. 2, gives an overview of the existing VBS results in the
different channels, including prospects for the upcoming LHC
Runs. Furthermore, different experimental techniques to mini-
mize systematic errors, to use boosted topologies for hadronic
channels, etc. are discussed. The next part, Sec. 3, discusses
three different classes of BSM setups with increasing definite-
ness: SM effective field theory (SMEFT), simplified models
with specific new heavy states, and explicit models. Section 4
then discusses the synergies between experimental measure-
ments and searches on the one hand and theoretical develop-
ments and calculations on the other. Finally, Sec. 5 summarizes
the discussions and the lessons learned from this workshop.
2. Experimental status of BSM searches in VBS
2.1. Overview of current experimental results
The experimental aspect of the workshop began with broad
summaries of experimental measurements related to VBS. A
summary of the measurements of VBS diboson production in
the SM and on searches for BSM physics, and the prospects
for future improvements and extensions, was presented [1, 2].
While the first VBS measurements were made at 8 TeV during
the LHC Run 1 [3, 4, 5, 6, 7], with the nearly 140 fb−1 of data
collected by the ATLAS and CMS Collaborations during the
LHC Run 2, many VBS processes have recently been explored
for the first time. However, in many cases the full integrated
luminosity of Run 2 has not yet been exploited, and new results
are expected to arrive in the coming months. Furthermore, the
LHC has delivered only a small fraction of the total integrated
luminosity expected from its current phase and the future high-
luminosity upgrade (HL-LHC).
The first VBS measurement exploiting the full Run 2 data
set was performed by the ATLAS Collaboration, studying ZZ j j
production with the Z boson pair decaying to either four charged
leptons (4`) or two charged leptons and two neutrinos (2`2ν) [8].
The large data set is particularly beneficial for this process,
which has a very low cross section, but an extremely clean sig-
nature in the four lepton decay channel. A multivariate anal-
ysis was used to fully exploit the data set, which trained sep-
arate boosted decision trees (BDT) for the 4` and 2`2ν signal
categories. In the four lepton channel, a control region was
built from events that do not satisfy either m j j > 300 GeV or∣∣∣∆η j j∣∣∣ > 2.0, which are required for signal events. A maximum
likelihood fit was performed simultaneously to the m4` distri-
bution in this background control region as well as the BDT
discriminant score in the 4` and 2`2ν channels to derive the ob-
served signal strength, µ = σobs/σexp = 1.35 ± 0.34, whereσobs
and σexp are the observed and expected cross sections. The ob-
served (expected) significance of this result is quantified with
respect to the background-only hypothesis of the SM without
VBS ZZ production at 5.3σ (3.5σ), which constitutes the first
observation of this process. The sensitivity of the measurement
is strongly driven by the four lepton channel.
The CMS Collaboration has also performed a study search-
ing for VBS ZZ production using 35.9 fb−1 of data collected
in 2016 [9]. The results for this analysis were also extracted
via a maximum likelihood fit to the distribution of a BDT dis-
criminant score. No control region is explicitly defined, rather,
the BDT score is trained and evaluated on a loose selection of
events with m j j > 100 GeV. Therefore, the low BDT-score re-
gions effectively serve as a control region in the fit. The ob-
served signal strength is reported to be µ = 1.39+0.86−0.65, with an
observed (expected) significance of 2.7σ (1.6σ).
The same-sign W±W± VBS process is widely regarded as
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the golden channel for experimental measurements, as it is the
only VBS process where the electroweak (EW) contribution
dominates over the production of dibosons with jets from QCD
radiation (QCD production) [10]. Due to its striking same-sign
lepton signature and low background, it was the first VBS pro-
cess to be observed at the LHC, first by the CMS Collabora-
tion [11] and later by the ATLAS Collaboration [12]. The two
analyses follow a very similar strategy: backgrounds from non-
prompt leptons are estimated from control regions in data that
consist of events failing lepton identification requirements. The
contributions from EW and QCD WZ production in the signal
region selection were estimated from MC simulation, but cor-
rected using dedicated three-lepton control regions. The signal
strength is extracted via a fit to the m j j spectrum of selected
events in the ATLAS analysis, and to a two-dimensional dis-
tribution of m j j and m`` in the CMS analysis. The observed
signal strengths are consistent with each other, with the AT-
LAS (CMS) analysis reporting a significance of 6.5σ (5.5σ)
over the null hypothesis. The fiducial cross sections reported
are consistent with the SM predictions, though some tension is
observed between the ATLAS measurement and the prediction
from Sherpa v2.2.2 [13]. This discrepancy has been understood
in terms of the color flow treatment in Sherpa [14].
The ATLAS and CMS Collaborations have further performed
measurements with 36 fb−1 of VBS WZ [12, 15], Zγ [16], and
WZ or ZZ with one boson decaying leptonically [17, 18], re-
ferred to as WV and ZV, where the V = W, Z decays hadron-
ically. The CMS Collaboration uses the final state to probe
anomalous VV production, whereas the ATLAS Collaboration
also performs a search for the SM production. This is accom-
plished with an analysis that considers nine independent signal
regions, divided by the decay of the W or Z boson and whether
the hadronic decays form distinct or merged jets. Indepen-
dent BDTs are trained for each signal region, which helps the
analysis overcome the huge background from V+jet processes.
The observed production rate with respect to the SM for VBS
VVjj production is 1.1+0.42−0.40, corresponding to an observed sig-
nificance of 2.7σ with 2.5σ expected in the SM.
The VBS production of a massive vector boson accompa-
nied with a photon was first studied at 8 TeV [7]. Studies
have recently been performed for Zγ VBS production at 13
TeV [19, 16]. The analysis performed by the CMS Collabo-
ration selects events with a leptonically decaying Z boson and a
photon associated with two jets, and exploits the kinematic dis-
tribution of the mass and rapidity separation of the jet to extract
results with a binned maximum likelihood fit. The SM produc-
tion rate with respect to the SM expectation at LO is measured
to be 0.64+0.23−0.21, with observed (expected) significance of 3.9σ
(5.2σ). When combined with the 8 TeV result under the as-
sumption of the SM production rate, the statistical significance
of the VBS contribution is 4.7σ (5.2σ). The measurement per-
formed by the ATLAS collaboration explores EW Zγ produc-
tion using a maximum likelihood fit to the Zeppenfeld centrality
variable [20] of the Zγ system, and using a BDT trained on a
larger set of characteristics of the EW Zγ process. The BDT-
driven analysis is more sensitive, with a measurement compati-
ble with the SM at 4.1σ observed and expected significance. It
is also highly compatible with the analysis exploiting a single
distribution, which provides confidence that the multi-variate
approach does not bias the results.
For the majority of these results, only a fraction of the data
collected in the LHC Run 2 is analyzed. Improved results ex-
ploiting the full data set of nearly 140 fb−1 are expected soon,
and some preliminary studies have already been released since
the time of this workshop [21]. In the longer term, the LHC will
be upgraded to the HL-LHC phase that will provide dramat-
ically more data, allowing for a rich characterization of VBS
processes as discussed in Sec. 2.5.
2.2. Overview of BSM searches using VBS events
The lack of clear signs of BSM physics at the LHC have ne-
cessitated looking for hints of new physics that are more subtle
or more exotic than assumed by traditional approaches. Be-
cause VBS is a probe of the SM that is sensitive to modifica-
tions of the EW sector, and because it is only now becoming
experimentally accessible, it is a natural avenue for experimen-
tal searches to expand. The LHC experiments have built com-
prehensive experimental programs exploring VBS production
in the SM, as discussed in the previous section. However, the
properties of many of these rare processes are not yet precisely
measured, and as such, a precise comparison of their agree-
ment with theoretical predictions is often not possible. Further-
more, effects from new physics that do not have an apprecia-
ble impact on the total production cross section but show some
clear signature in other kinematic regions might not be visible
in a measurement specifically designed to measure SM VBS
production. In such cases, analyses designed to focus on new
physics searches are complementary to SM measurements.
Searches for new physics in VBS channels can broadly be
divided into those which look for explicit (but possibly simpli-
fied) models of new physics, and generalized searches, usually
parameterized in the language of EFT [2]. The impact of new
physics from non-zero dimension-8 operators has been stud-
ied by the CMS Collaboration at 13 TeV in the W±W±[11],
ZZ [9], Zγ [16], WZ [15], and WV/ZV [9] channels, and pre-
viously by the ATLAS and CMS Collaborations at 8 TeV. In
all cases, events are selected to enhance VBS VV production,
and a distribution of events sensitive to the modification of the
energy of the scattering, such as the mass of the VV system,
is used to place constraints on the operator couplings. While
VBS VV production with semi-leptonic decays is a challeng-
ing experimental channel, its high branching fraction provides
the strongest handle on dimension-8 EFT operators. Exclusive
VV production, discussed in Sec. 2.3, gives even stronger re-
sults for operators sensitive to the WWγγ interaction. A full
and up-to-date summary of results is maintained at Ref. [22].
The following sections discuss the validity and interpretation
of these constraints from a theoretical perspective.
In general, modifications of the SM are unlikely to be con-
fined to VBS processes. The EFT operators studied in VBS
analyses are also relevant for non-VBS VV production, VVV
production, and production of the Higgs boson. New reso-
nances in the EW sector would also likely couple to the vector
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bosons and Higgs boson such that many other production mech-
anism would be impacted. Therefore, searches for new physics
in diboson and Higgs events have strong implications for new
physics searches in VBS channels. The experimental program
searching for such processes is exhaustive. An overview of
relevant results for diboson resonances, Higgs production via
gluon-gluon and vector boson fusion, and double Higgs pro-
duction is given in Ref. [2].
Of the many possible models predicting modifications to
the EW sector, searches for additional Higgs bosons are of con-
siderable theoretical and experimental interest [23]. Depend-
ing on the mass and couplings of the new scalar particle, VBS
may not be a practical avenue for its discovery. The CMS and
ATLAS collaborations have performed many searches using di-
boson [24, 25, 26, 27] and leptonic decays of the hypothesized
H± [28, 29], resulting in strong constraints on its possible mass
and couplings. If the H± is fermiphobic, VBS would be a prin-
ciple production mechanism. A well-studied model in which a
charged Higgs sector that preserves custodial symmetry is in-
troduced is the Georgi–Machacek (GM) model [30]. The AT-
LAS and CMS collaborations have performed searches using
VBS events for the GM H±± in the W±W±[11] channel, and for
H± in the WZ [31, 15] and WV/ZV [9] channels. The H±± and
H± have the same mass in the GM model, but the results have
not yet been combined across channels or across experiments.
However, a small and broad fluctuation seen in the ATLAS WZ
VBS analysis is not present in the CMS results [31, 15, 9].
2.3. Exclusive VV production and proton tagging
Recently, there has been a renewed interest in studies of
central exclusive production (CEP) processes in high-energy
proton-proton collisions. A summary was presented [32], in-
cluding the experimental challenges, current status and future
prospects. In CEP processes in proton-proton collisions, the ex-
change is mediated through photon-photon fusion and particle
production with masses at the electroweak scale can be studied.
CEP provides a unique method to access a variety of physics
topics, such as new physics via anomalous production of W and
Z boson pairs, high transverse momentum (pT ) jet production,
and possibly the production of new resonances. These studies
can be carried out in particularly clean experimental conditions
thanks to the absence of proton remnants.
Studies of exclusive production can be performed at the
CMS experiment by tagging the leading proton from the hard
interaction. To this end, the Precision Proton Spectrometer
(PPS) [33] provides an increased sensitivity to selecting exclu-
sive processes. The PPS is a detector system to add tracking and
timing information at approximately 210 m from the interaction
point around the CMS detector. It is designed to operate at high
luminosity with up to 50 interactions per 25 ns bunch crossing
to perform measurements of, e.g. the quartic gauge couplings
and search for rare exclusive processes. Since 2016, PPS has
been taking data in normal high-luminosity proton-proton LHC
collisions, and it collected approximately 100 fb−1 of data.
CEP of an object X may occur in the process pp→ p+X+p,
where ”+” indicates the “rapidity gaps” adjacent to the state
X. Rapidity gaps are regions without primary particle produc-
tion. In the high mass region with both protons detected, among
some of the most relevant final states are X = e+e−, µ+µ−, τ+τ−
and W+W−. In CEP processes, the mass of the state X can be
reconstructed from the fractional momentum loss ξ1 and ξ2 of
the scattered protons by using the expression MX =
√
ξ1 · ξ2 · s.
The MX reach at the LHC is significantly larger than at previous
colliders because of the larger
√
s. The scattered protons can
be observed mainly thanks to their momentum loss, due to the
horizontal deviation from the beam trajectory. The acceptance
in ξ depends on the distance from the interaction point and on
how close to the beam the proton detectors can be moved. For
the first time, proton-proton collisions at the LHC provide the
conditions to study particle production with masses at the elec-
troweak scale through photon-photon fusion. At
√
s = 13 TeV
and in normal high-luminosity conditions, values of MX above
300 GeV can be probed. CEP processes at these masses have
small cross sections, typically of the order of a few fb, and thus
can be studied in normal high-luminosity fills.
The exclusive two-photon production of pairs of photons,
W bosons, and Z bosons, provides a novel and unique testing
ground for the electroweak gauge boson sector. The detection
of γγ → W+W− events allows one to measure the quartic gauge
coupling WWγγ with high precision. One can study the distri-
butions and measure the production rates of these interactions,
and verify whether they are compatible with the SM. An im-
provement in sensitivity of the order of 10−3 − 10−4 is expected
with respect to earlier measurements [34, 9, 35]. As a first step,
the exclusive dilepton process pp → p`+`−p(∗) (` = e, µ) has
been observed for the first time at the LHC in pp collisions at√
s = 13 TeV [36].
At large √sγγ, the two-photon process γγ → W+W− pro-
vides a window to BSM physics, since it is sensitive to triple
and quartic gauge boson couplings. In pp collisions at
√
s =
8 TeV, CMS has observed 13 candidate events in a final state
with e±µ∓, large missing transverse energy, and no additional
tracks, but without detecting the protons [37]. The observed
yields and the kinematic distributions are compatible with the
SM prediction for exclusive and quasi-exclusive γγ → W+W−
production. The results are used to derive upper limits on the
anomalous quartic gauge coupling (aQGC) parameters. With
an integrated luminosity of 100 fb−1, the PPS is expected to im-
prove the limits by at least two orders of magnitude, or perhaps
observe a deviation from the SM production.
Among other interesting topics, the PPS can also probe the
presence of composite Higgs and anomalous gauge-Higgs cou-
plings, search for excited leptons, technicolor, extra-dimensions,
axions, heavy exotic states, dark matter candidates, and explore
more BSM processes [38, 39, 40, 41].
2.4. Machine learning in measurements and searches
Because the amount of data collected at the LHC will mul-
tiply at a much slower rate in the coming years, innovative ex-
perimental techniques are crucial for the future success of the
field. Outside of particle physics, the attention and value placed
on data analysis has increased dramatically in the past years.
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As such, there are many tools developed independently of the
field that may potentially be valuable assets to particle physics.
A broad class of data analysis tools referred to as Machine
Learning (ML) leverage computational algorithms to identify
and exploit features in a data set. An overview of the broad
scope of ML was presented [42], including examples of its
use, and benefits in physics analyses. For example: in signal-
versus-background discrimination in particle physics analyses,
Supervised learning can be used. In such a case, MC simula-
tions are used to define expected behaviors of signal and back-
ground processes, and the ML algorithm serves to build a func-
tion (i.e., a model) predicting whether the attributes of an event,
commonly referred to as features, are most likely associated to
signal- or background-like processes. Boosted decision trees
(BDT) and neural networks (NN) are two widely studied ML
models that are increasingly adopted for use in analysis and re-
construction in particle physics. They serve as complex and
flexible functions that are “trained,” that is, statistically fitted,
to describe the data based on features in an automated way.
Training is built around the minimization of a loss function
which quantifies the ability of the model to describe the train-
ing data. This approach provides the opportunity for a more ex-
tensive and less manual optimization procedure than traditional
selection-based approaches, where the “feature engineering” is
performed manually by a physicist.
ML approaches are already used widely in LHC analyses,
including in VBS measurements and searches. It is also ex-
pected that their use will increase at the HL-LHC, where the
higher pileup environment will make reconstruction more chal-
lenging. In particular, the complexity of combinatorial algo-
rithms used to build tracks from “hits” scale dramatically as
the number of hits increases, whereas ML algorithms can pro-
vide nearly constant run-time. Likewise, searches for very rare
phenomena, such as di-Higgs production, will require maximal
separation of a very small signal from huge backgrounds. The
prospects for this analysis have recently been studied by the
CMS Collaboration using a deep NN which provides enhanced
sensitivity over traditional selection-based approaches [43].
2.5. Future prospects for experimental VBS studies
The outlook for future measurements of and searches for
VBS processes is promising, particularly on more immediate
timescales. In 2021, Run 3 of the LHC program will start and is
estimated to deliverL ≈ 300 fb−1 of data to each of the ATLAS
and CMS experiments. Following this period are Run 4 and
subsequent runs of the LHC program, that is to say the HL-LHC
phase. Prospects for the HL-LHC, which is slated to deliver
around L = 4.5− 5 ab−1 of data, are extensively documented in
community reports [44, 45, 46].
Opportunities and possibilities for VBS beyond the HL-
LHC are also actively being discussed in community-wide ex-
ercises, such as the “European Strategy Update,” and the anal-
ogous “Snowmass” process in North America. Present bench-
marks consider a
√
s = 27 TeV upgrade of the LHC, a prospect
known as the High Energy Large Hadron Collider (HE-LHC) [45,
46, 47, 48], as well as a future e+e− collider (FCC-ee), and a√
s = 100 TeV circular pp collider (FCC-hh) [49, 50]. While
many sensitivity estimations for SM measurements and BSM
discovery prospects are reported in these documents, the situ-
ation remains dynamic and evolving as future collider outlines
mature and become more refined.
3. Theoretical motivation and precise predictions for BSM
physics in VBS
This section gives an overview of the theoretical contribu-
tions to the BSM Lisbon workshop. They fall into four different
categories, either presenting topics in one of the three different
parameterizations of BSM physics in VBS, or discussing the
progress in the theoretical description of the SM signal pro-
cesses. The latter topics have been a separate effort within the
VBScan COST action and, via dedicated workshops, led to a
publication regarding the precision description of the like-sign
VBS process, pp → j je+νeµ+νµ [10]. Nevertheless, a precise
understanding of the underlying SM processes is indispensable
for a significant discovery of new physics in any channel, and
VBS is no exception. So, these topics have been included in the
workshop. They are summarized in subsection 3.4.
There are three different layers of definiteness for the pa-
rameterization of BSM physics in VBS (and generally in other
LHC processes): (1) the semi-model independent description in
terms of an SM effective field theory (SMEFT or HEFT), which
is covered in subsection 3.1; (2) simplified models, which cover
the dominant effects of a general BSM physics setup for VBS,
are discussed in subsection 3.2; and (3) UV-complete models,
summarized in subsection 3.3.
3.1. Effective field theories
Discussions at the meeting on the topic of effective field
theories (EFTs) began with a general introduction into the par-
adigm [51]. While it is possible to formulate different EFTs
with the same field content, they are nevertheless viewed as the
most general, low-energy extensions of the SM when one in-
cludes the tower of all higher-dimensional operators built from
SM fields respecting the symmetries of the SM. Under this
formulation, gauge symmetries are then valid up to all orders
in the expansion, while global symmetries like lepton number
conservation are only accidental symmetries at the lowest or-
der(s). Indeed, there are two different EFTs depending on the
assumptions made about the m ≈ 125 GeV scalar state discov-
ered in 2012 [52, 53]. Just describing the longitudinal modes
of W± and Z as a non-linear σ-model for Goldstone bosons
and adding a single scalar particle leads to the so-called Higgs
EFT (HEFT) [54, 55, 56, 57, 58], leaving the Higgs and the
Goldstone bosons theoretically unrelated. Assuming that these
four states together make up an SU(2)L⊗U(1)Y EW doublet lin-
earizes the Goldstone boson interactions and leads to an EFT
called SMEFT. The non-linear HEFT contains SMEFT as a spe-
cial case and hence is more general. HEFT matches the case
of composite Higgs and some little Higgs models, and can ac-
count both for possible non-linear effects in the Higgs sector
as well as mixings of the Higgs field with a singlet scalar. Be-
fore the discovery of the m ≈ 125 GeV state, an EFT with only
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the non-linear sigma model for the Goldstone bosons and other
SM interactions, called the electroweak chiral Lagrangian [59,
60, 61, 62, 63], was widely used. Due to the non-linear struc-
ture of the Goldstone-boson interactions, dimension-6 opera-
tors in HEFT contain terms that appear, e.g., in dimension-
8 operators of SMEFT. There was a separate presentation on
the connection between the non-linear EFT and BSM mod-
els [64]. The phenomenological impact of the inclusion of
a light Higgs boson into the non-linear setup has been stud-
ied in [65, 55, 66, 67, 58], with constraints from electroweak
precision observables (EWPO) derived in [68] and other low-
energy experiments in [69]. An important step is the matching
of such an EFT setup to high-scale models as it was done e.g.
in [70, 71, 72]. An exemplary study on the interplay between
resonances and the non-linear EFT for 1 TeV lepton colliders
where no issues with unitarity arise was made in [73].
All such EFT expansions assume that there are no other
light degrees of freedom with masses similar to those of the
SM particles (there are certain, well-defined exceptions that are
parameterized by very specific phenomena like e.g. invisible
Higgs decays). The expansion parameter of the EFT series is
the ratio of typical particle momenta over a general high-energy
scale Λ, where the operator (Wilson) coefficients are numbers
assumed to be of order unity divided by the corresponding pow-
ers of this scale Λ. This is the bottom-up approach of EFTs.
There is also the top-down approach which means starting
from a UV-complete theory with new heavy degrees of free-
dom (usually in the TeV or multi-TeV range). Integrating out
these resonances leads to a specific EFT where the coefficients
of the operators can be predicted or calculated from the UV-
complete theory. Following the decoupling theorem [74], the
renormalization-group flow [75] of the higher-dimensional op-
erators (for d > 4) guarantees that the SMEFT shares the same
IR physics as the SM [76]. EFTs are powerful tools as they are
consistent quantum field theories (QFTs) that allow the system-
atic calculation of radiative corrections, and even work if the
UV-complete theory is non-perturbative (in the strong coupling
sense).
One of the main reasons for the revival of EFTs in the past
years is the lack of discoveries of new particles at the LHC and
the entrance into the high-luminosity phase of the LHC effec-
tively turning the machine into an intensity frontier instrument.
In general, dimension-6, SMEFT operators are the leading
deformations of the SM (neglecting baryon and lepton number-
violating operators of odd dimensions like the Weinberg oper-
ator at dimension-5). However, this power-counting depends
on the UV completion. Regarding UV models with new di- or
multi-boson resonances, dimension-6 operators in multi-boson
final states usually originate from loop corrections of these new
heavy degrees of freedom to SM observables, while dimension-
8 operators originate from tree-level exchange of these heavy
degrees of freedom. This setup sometimes leads to the fact
that dimension-8 operators are even the leading BSM effect in
processes like VBS. Dimension-6 operators should nevertheless
not be neglected [77]. However, the standard paradigm is that
for a process like VBS one assumes that any such dimension-
6 contributions have been measured elsewhere more precisely
(e.g. diboson processes). Hence, one defines the SM augmented
by (certain) dimension-6 operators as the signal model, and then
looks for deviations in terms of Wilson coefficients of dimension-
8 operators.
The basis for these operators is arbitrary and physics does
not depend on the choice of basis, but a complete basis in a
fixed order of the expansion is necessary. Of course, some re-
sults are much simpler in a certain basis, or effects are easier
to calculate. There are also equivalence relations among opera-
tor bases known as “re-parameterization invariances,” some of
which are realized by integration by parts, or equations of mo-
tions, or identities of the underlying symmetry algebras. The
most widely adopted basis for dimension-6 operators is the so-
called Warsaw basis [78]. For dimension-8, at the time of the
workshop no complete basis had been known, but the most im-
portant operators for VBS had been classified [79, 80], and
there were well-defined procedures on how to get a complete
basis [81, 82, 83, 84]. In the meantime, a complete list has been
provided in [85, 86]. The completely general basis comprises
of 2,499 operators at dimension-6, and 36,971 at dimension-
8, not considering baryon number violation. There are many
tools for the use of EFTs like SMEFT for phenomenological
collider physics (like VBS processes), about which the authors
of [87] give a good overview, with many references of tools
therein. Dedicated SMEFT model implementations are avail-
able in [88, 89].
Though IR divergences are the same in EFTs and their gen-
erating UV-complete theories, UV divergences might appear
differently and could lead to different regularization and renor-
malization schemes between EFT and UV-complete models [90,
91]. There is a plethora of different aspects about the applica-
bility and validity of EFTs in general, and SMEFT in particu-
lar [92, 93].
First of all, there is the question whether to consider the
linear case (i.e. the insertion in interference terms with the pure
SM amplitude, leading to terms that are linear in the EFT power
counting), or to consider quadratic terms as well. There have
been studies, e.g. [89], showing that linear expansions could
lead to negative fiducial cross sections, marking a breakdown of
the EFT, or a region where at least higher-dimensional operators
have to be considered as well.
Then, experimentally, the biggest conundrum is between
global fits taking into account all possible deviations by higher-
dimensional operators versus variations of only a single or at
maximum two operator coefficients. The first approach de-
mands to have O(20 − 30) parameters under control, which
turned out to be an important part of the precision Higgs and
electroweak physics program during the European Strategy Up-
date of Particle Physics 2019 [94]. The second approach is far
easier, particularly for channels that are severely statistics lim-
ited. One of the interesting questions is whether it is possible
to learn something about UV physics once a sound, 5σ dis-
crepancy from the SM has been established. For these reasons,
ATLAS and CMS are mostly sensitive to rather large values of
the combination of Wilson coefficient and scale, Ci/Λ. This, in
turn, either means a very low scale, so that new physics is prob-
ably directly in the kinematic reach of LHC (which, however,
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does not necessarily mean a discovery, especially if new physics
comprises a very broad resonance, cf. next section), or that
operator coefficients are larger than allowed even for strongly
coupled models. Both would push us outside EFT domains of
validity. On the other hand, for many scenarios, EFT validity
restrictions force operator coefficients to be so small that they
are experimentally not detectable, not even potentially with the
HL-LHC. In Ref. [95, 96, 97], “EFT triangles” are constructed
in a plane with the Wilson coefficient(s) and the EFT scale Λ
on the x- and y-axis, respectively. The upper region is forbid-
den by unitarity (for every scale there is a maximally allowed
Wilson coefficient). The left region is undetectable because the
Wilson coefficients are too small, and in the right region too
large Wilson coefficients invalidate an EFT expansion. Only a
triangle is left where both the EFT is valid, and a signal is large
enough to be detectable by the LHC experiments. For some
parameter space regions of some models, these triangles vanish
completely; in such setups, an EFT description is not useful at
all.
The next issue is, that in order to look for deviations or
set exclusion limits, one needs to define signal models for, e.g.
SMEFT, that are physically meaningful. The relevant scale in
VBS events is given by the invariant mass of the diboson sys-
tem, which is only experimentally accessible for the fully lep-
tonic VV → ZZ process and the semi-leptonic WZ mode in
the boosted regime (there are plans to look into fully hadronic
decays with boosted techniques). For the signal models, the
Monte Carlo (MC) truth information is available, so this scale
is accessible. There are several procedures to treat events that
would exceed scales allowed by unitarity constraints for 2→ 2,
VV → VV scattering amplitudes, for V = W,Z,H: (1) Do noth-
ing. For such signal models, cross sections are not bound by
unitarity limits, and so there is no quantum field theory that
could result in such a bin-wise yield of signal events. Limits
taken from such naı¨ve signal models clearly give unrealistically
optimistic bounds. (2) Generating signal events with “event
clipping,” which entails dropping individual events whenever
the scale of an event’s diboson system exceeds the unitarity
limit from the corresponding partial scattering wave. This cor-
responds to a vertex insertion with a momentum step function.
It ensures consistency with unitarity of S matrices, but being
non-continuous cannot be derived from a genuine quantum field
theory. (3) Use a form factor regularization [98, 99]. Here, the
(squared) amplitude reaches a saturation point at the unitarity
bound and is then damped by a power law at high energies.
This method has two free parameters: a cut-off scale (a pri-
ori unrelated to the EFT expansion scale) and the exponent n
of the multipole (n-pole) form factor. Though this seems ad
hoc, behavior like this can be observed in strongly coupled sys-
tems with broad resonances like in pion and kaon physics. (4)
Use the so-called K- or T -matrix unitarization (cf. [100] for
the EW chiral Lagrangian, and [101] for SMEFT). This is a
projection back onto the Argand circle for elastic unitary scat-
tering amplitudes. It does not have any free parameters, and
can be generalized to intrinsically complex amplitudes. This
unitarization leads to a saturation of the unitarity bound, and
hence gives, bin-per-bin, the largest number of signal events al-
lowed in any sensible UV-complete quantum field theory. On
the other hand, it is the maximally optimistic physical signal
model. For transversely polarized gauge bosons, this unitariza-
tion is also possible, but technically more involved because one
has to project to the different helicity eigenstates [102]. There
are also other unitarization models, cf. e.g. [103], that try to
relate unitarity constraints to the existence of new resonances.
This assumes that the strong dynamics behaves in the same or in
a very similar way to quantum chromodynamics. Decorrelating
new resonances from the unitarization of higher-dimensional
operator insertions leads to a setup of simplified models that
are discussed next.
Lastly, besides the constraints on the size of Wilson coeffi-
cients from the point of view of an asymptotic expansion and
the unitarity of scattering amplitudes, there are also constraints
from the possible UV embedding of EFTs that lead to the so-
called “positivity constraints” on linear combinations of Wilson
coefficients, cf. e.g. [104, 105].
3.2. Simplified models
As the next, more specialized parameterization of new physics
beyond the rather generic EFT parameterization, one can set
up simplified models for VBS processes. These consist of the
SM coupled to additional resonances to the diboson system.
The philosophy behind these simplified models is that any en-
hancement in the high-energy tails of VBS (in this case) ob-
servables can be understood as the onset of a new resonance
that is just at or near the kinematic reach of the LHC. Typical
examples of full models in which such resonances can appear
are extended scalar sectors, like two- (or multi-) Higgs dou-
blet models (2HDM), Higgs singlet extensions, Higgs triplet
extensions (e.g. the GM model), Little Higgs models, super-
symmetric models, twin Higgs models, Randall-Sundrum and
other extra-dimensional models. Several examples of these will
be discussed in the next section.
An educational example of how to derive an (SM)EFT from
such a model can be found for Little Higgs models in [106]. De-
composing the (unbroken) quantum numbers of the SM in the
high-energy limit, the electroweak symmetry and the approxi-
mate custodial symmetry, for the diboson system, one finds that
spin-0, spin-1, and spin-2 resonances could couple to the dibo-
son system. These resonances can be either singlets, triplets or
quintuplets of weak isospin (custodial SU(2)c). A singlet scalar
resembles that of the resonance found in the Higgs singlet ex-
tension (and other models), the triplet of that found in the GM
model, and the quintuplet of that in the Littlest Higgs model.
Spin-1 isovector resonances are the ρ resonances of compos-
ite Higgs models, while a Kaluza-Klein graviton is the prime
example for an isosinglet spin-2 resonance. The case for spin-
1 resonances is intricate as they can mix (after EW symmetry
breaking) with the W and Z. Usually, one makes the assump-
tion that the coupling of these resonances to the SM fermions
are almost negligible in order to avoid bounds from low-energy
experiments and LHC Drell-Yan searches. For extended Higgs
sectors, Randall-Sundrum, Little Higgs etc., this is generally a
valid assumption.
7
Such simplified models for VBS have been studied in [107]
for resonances coupled to the Goldstone boson system (i.e. the
longitudinal modes), and to resonances coupled via EW gauge
interactions in [102]. This framework allows one to treat both
weakly and strongly coupled new physics. Integrating out reso-
nances in simplified frameworks gives back Wilson coefficients
for the scalar, mixed, and transverse (S,M,T) dimension-8 oper-
ators. Each resonance adds two free parameters, either its mass
and its coupling to the diboson system, or its mass and width.
In general, due to a simple counting of degrees of freedoms,
the higher the spin, the larger the effect of the resonance, e.g.
a larger resonance peak cross section. Generating signal model
events with tensor resonances is rather intricate, as they con-
tain many redundant (gauge) degrees of freedom: a symmet-
ric real tensor has 10 components, of which only the five spin
modes are physical. The tensor contains a vector field and two
scalars as ghosts that ensure transversality and tracelessness of
the symmetric tensor. Contributions from unphysical degrees
of freedom cancel out, but can lead to numerical inefficien-
cies/instabilities in a signal MC simulation. Ref. [102] shows
how one can get a very stable simulation by explicitly subtract-
ing these degrees of freedom during MC event generation. An
explicit implementation is available in the WHIZARD [108] MC
tool. Other VBS/VBF tools that implement unitarization are
Phantom [109] and VBFNLO [110]. As a general rule, reso-
nances that couple via gauge interactions to transverse degrees
of freedom of EW bosons are much narrower than resonances
that have couplings to the Goldstone boson sector, which are
numerically more substantial for TeV-scale masses. For broad
resonances, the onset of the resonance just outside the kine-
matic reach of the LHC very much resembles those contribu-
tions from dimension-8 operators, amounting mostly to a larger
normalization of the highest-energy bins.
Besides VBS, dimension-8 operators or new resonances cou-
pling to two EW bosons that lead to deviations in the quartic
gauge couplings of the SM not only play a role in VBS but also
in EW triboson production, for which there is now evidence
at the LHC experiments [111, 112, 113]. However, extracting
constraints on new physics from unitarity of the scattering am-
plitudes is much more intricate than for VBS. This is work in
progress [114]. Not only is the experimental signal different for
triboson channels, but from the theory side, quartic interactions
are tested in VBS with two initial space-like bosons and two
on-shell time-like ones whereas in triboson production one has
three on-shell time-like ones and a very far off-shell, time-like
initial one. This offers different kinematic information.
We now turn to the discussion of UV-complete models (or
almost complete models) relevant for EW multi-bosons physics
and VBS.
3.3. UV complete or partially complete models
One of the biggest advantages of the EFT ansatz or simpli-
fied model framework is that they are very general and cover
close to every deformation of the SM that is consistent with the
principles of quantum field theory. However, this asset is on
the other hand also its biggest drawback: it is in general not
possible to fold in constraints from other sectors or other mea-
surements, because one either has to use the full EFT with all
operators or embed the simplified model in a full theory. Fur-
thermore, once a 5σ discrepancy from the SM is established, it
is very hard to reconstruct a complete model from a parameter-
ization of the deviation in terms of an EFT.
Ultimately one has to see which new physics model fits
the data best. The theory part of the workshop started with a
general overview of multi-boson measurements (diboson, VBF,
and VBS) relevant for BSM physics at the LHC [115]. A first
look at the diboson measurements at LHC shows a success
story for EFT: existing limits from LEP are now superseded
not because the measurements at LHC are more precise but
because the energy rise of deviations from dimension-6 op-
erators gives the LHC quite a lever-arm. Bounds on anoma-
lous triple gauge couplings have been pushed from percent to
per-mille level [116, 117, 118]. These diboson channels, now
with LHC data, can be also enlarged by the WH and ZH chan-
nels [119, 120]. Not yet accessible with current data, one of the
most interesting future prospects is the sensitivity to di-Higgs
production (especially in the VBF setup), which can add to
searches for new physics via concrete models or via the “BSM
dictionary” [121]. Measurements of angular correlations of
leptons can be used to constrain completely transverse opera-
tors [122]. All these constraints can be translated via the EFT
dictionary relatively straightforwardly into bounds on the pa-
rameter space of any BSM models with deviations in the EFT
sector (i.e. new particles that give contributions to Wilson co-
efficients of dimension-6 operators at the one-loop level). An-
other interesting example is the occurrence of new axion-like
particles (ALPs) that are either connected to the CP problem
of QCD, dark matter, or in general any kind of spontaneously
broken U(1) symmetry. Again, these could be detected via
contact interactions in the high-energy tails of diboson distri-
butions [123].
One of the still relatively new paradigms are BSM mod-
els of “neutral naturalness.” The naturalness issue is tied to
the fact that any heavy particle coupled to the scalar sector of
the SM (even faintly through higher loop corrections) tends to
drive the Higgs mass to the mass scale of these new degrees of
freedom, as long as there is no symmetry protecting it. General
paradigms for such symmetries include either global inner sym-
metries, as in compositeness models (cf. below), or space-time
symmetries, like supersymmetry in the MSSM or NMSSM,
and mostly predict colored particles that share certain proper-
ties with the top quark to cancel the top loop contributions in-
side the Higgs potential (“top partners”). Under the assumption
that this cancellation is between terms of similar size, which is
the case for these new symmetries, colored top partners should
not be too much heavier than the top quark. This expectation,
however, contradicts the null results from LHC searches. This
started a model building activity towards models with color-less
top partners (”neutral naturalness”).
Though there are interesting links to cosmology, collider
searches are the most promising avenue for these models [124].
The color factor of the top quark can be accidentally cancelled
by a degree of freedom in a fundamental representation of any
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SU(3) symmetry. This is realized in the so-called Twin Higgs
models [125] where the top partners are complete SM singlets.
So in general there is a more or less complete copy of the SM (a
“mirror world”) that talks to the SM only via the scalar/Higgs
sector. If the twin sector contains new cosmologically rele-
vant degrees of freedom, like the mirror photon and twin neu-
trinos, there are bounds from large-scale structure [126]. A
light pseudo-Nambu-Goldstone Higgs like in composite mod-
els (cf. below) serves as a portal to this twin sector. This in-
duces specific modifications of the Higgs couplings and leads to
Higgs decays into long-lived particles [127]. Other portal mod-
els with weakly coupled UV completions lead to new relatively
light and narrow scalar states (radial modes of coset spaces, cf.
e.g. [128]).
At the LHC, the best search is via the radial scalar mode
(σ) decaying into two EW vectors, σ→ VV [129]. In contrast,
for strongly-coupled UV completions (composite Twin Higgs)
the radial σ mode is rather heavy and broad [130, 131]. For
VBS processes, the effects of such Twin Higgs radial modes are
rather similar to the corresponding ones for standard composite
Higgs models [132]. Generally, for composite Higgs models,
lower bounds on the compositeness scale f from Higgs cou-
pling measurements and EWPO push new resonances visible in
VBS outside the reach of LHC and into the realm of FCC-hh or
comparable future hadron colliders. For composite Twin Higgs
models (with a moderate fine tuning) still much lower scales are
possible [133]. Gluon fusion is still the preferred mode for pro-
duction of the radial mode, however, VBS can add important
information on the couplings (to vector bosons).
There are also supersymmetric variants of neutral natural-
ness, including the so-called tripled top model [134]. This vari-
ant has two copies of the MSSM top sector combined with
additional Z2 and Z3 discrete symmetries. These models have
spectra with colored stops at several TeV, SM-singlet stops at a
few 100 GeV, and EW-doublet supermultiplets at roughly half
a TeV (and eventually glueballs of hidden/Twin color at a few
10 GeV). The largest LHC production cross sections are for
the EW doublets, whose decays to visible particles is model-
dependent. Choosing a completely different model-building
implementation of neutral naturalness can also give SM-singlet
scalar partners, the so-called hyperbolic Higgs [135]. These
scalars can be probed in VBF processes together with miss-
ing energy which turns out to be more sensitive than monojet
and ttH searches [136, 137]. There are also proposals to use
loop-induced processes to search for effects from such mod-
els [138, 139, 140]. VBF processes are also important for the
discovery potential of pNGB dark matter candidates (e.g. in
neutral naturalness) [137].
In general, BSM models that predict deviations, modifi-
cations, or additional degrees of freedom that couple to the
EW sector, are eligible to be scrutinized in VBS topologies at
the LHC. This covers a plethora of different models like ex-
tended Higgs sectors, including Higgs singlet extensions, multi-
Higgs doublet models, Higgs triplet models, supersymmetric
versions thereof, or models with pseudoscalar particles. In ad-
dition many models with new neutral or singly-charged vector
bosons fall into this category as they can mix (before or af-
ter EWSB) with the SM vector bosons and can be produced in
VBF or VBS topologies. Clearly, this is a vast model space that
could not be covered in a specialized workshop like the COST
meeting at LIP Lisbon. There were, however, several dedicated
talks, on the theoretical status of Two Higgs doublet models
(2HDM) and variants thereof [141]; on experimental searches
for singly charged Higgs bosons in the GM model and dou-
bly charged Higgs bosons in the Type II Seesaw neutrino mass
model [23]; on composite Higgs models [142, 143] and new po-
larization features in the MC event generator MadGraph5 aMC@NLO;
on neutral naturalness [124]; and on modeling recommenda-
tions for doubly charged Higgs production from VBF and other
LHC production mechanisms calculated at NLO+PS [144].
The main idea of composite Higgs models is to dynamically
break EW symmetry by a vacuum condensate misaligned with
the EW vacuum, creating a hierarchy between the EW scale
v and the compositeness scale f , v = f sin θc, with sin θc the
misalignment angle. The SM Higgs boson is then much lighter
than other composite excitations because it is a pseudo-Nambu-
Goldstone boson (pNGB). Composite Higgs models are classi-
fied according to their broken global symmetry groups G/H,
examples that have been discussed at the Lisbon COST work-
shop can be found in [84, 145, 146].
In composite Higgs models, there are modifications to the
Higgs coupling to SM vector bosons by the misalignment an-
gle θc, which is constrained to satisfy cos θc & 0.9 from EW
precision observables (EWPO) as well as Higgs coupling mea-
surements. These constraints could be relaxed when includ-
ing contributions from additional composite scalar and vector
resonances [147]. One of the strongest constraints on models
of compositeness are the operators that generate SM fermion
masses, as they very easily induce flavor-changing neutral cur-
rents (FCNC) or other flavor-specific processes. Such predic-
tions are in contradiction to many measurements from flavor-
and other low-energy experiments.
In generic composite Higgs models, the operator generating
the Higgs potential is related to those operators generating (non
flavor-diagonal) quartic fermion contact interactions. The ne-
cessity to have a large enough quartic Higgs coefficient in order
to generate a m ≈ 125 GeV state induces too large FCNC Wil-
son coefficients at the same time. So-called partial composite-
ness (PC) disentangles the power counting for the Higgs quartic
and fermion mass operators, and vastly relaxes the bounds. One
interesting signature for composite Higgs models is the scatter-
ing of Goldstone bosons, so VBS sui generis. This has been
studied for low compositeness scales f & 550 GeV as well as
for scales in the (multi-)TeV range for FCC-hh.
Goldstone boson scattering in Compositve Higgs models
works very similarly to pion scattering: it is unitarized by com-
posite resonances as well as a broad continuum. Both cases
show behavior similar to the case of the simplified models and
the T -matrix unitarization discussed in the previous section,
and have been studied for composite Higgs models in [148].
Assuming a misalignment angle compatible with EWPO, uni-
tarity of amplitudes requires scalar resonances below mσ ≤ 4
TeV and vector resonances below mρ ≤ 13 TeV, or a broad con-
tinuum that behaves like a T -matrix setup. Such nearly con-
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formal dynamics can exhibit σ-like 0+ resonances [149, 150].
Polarization measurements (angular correlations) will help to
disentangle the quantum numbers of deviations to be found in
VBS. The next section will discuss some of the technicalities
how to do such a signal model description including polariza-
tion [151].
There are other interesting VBS or VBF channels, e.g. VV →
hh, already discussed above, or VV → ηη, where η is a possibly
relatively light (tens of GeV) pseudoscalar or axion-like parti-
cle, e.g. resulting from an anomalous U(1) symmetry. These
particles appear in Extended Technicolor (ETC) cases [152] or
Little Higgs models [153, 154]. They naturally have small cou-
plings to SM fermions, and hence their best search channels
are VBF or gluon fusion (like in PC [155] or in Little Higgs
models [153]). Further resonances in these models can show
up in order to include dark matter [156], and likewise in mod-
els of top-quark PC [157]. There have been also studies on
the reach at a future 100 TeV FCC-hh collider for technicolor ρ
resonances (from Drell-Yan via mixing or VBF) or scalar σ res-
onances, showing that the mass reach extends to roughly 15-20
TeV [158, 159].
There is a plethora of different models following the para-
digm of PC [160], which differ by the coset space of the global
symmetries, restrictions on the number of hyper-color multi-
plets, implementations, charges of Abelian and flavor symme-
tries, and the specific hypercolor fermion representations. For
example: there must not be too many fermion multiplets be-
cause otherwise the hypercolor group would not condense. As
mentioned above, flavor and EWPO data constrain the mis-
alignment angle. These constraints then turn into theoretical
predictions and limits for multi-boson processes like diboson
or VBS topologies. Most of the VBS studies for composite
Higgs models have been done in the EFT framework (e.g. [161],
parameterized in terms of ξ ≡ v/ f mapped to the SILH La-
grangian [162]). As shown in [163], scattering processes in-
volving 3, 4, or more external EW bosons (including the 125
GeV scalar state) are very good to search for discrepancies be-
tween the SM and composite Higgs models. Double and even
triple Higgs production in VBF has been studied for LHC and
higher-energy proton colliders. Similar processes have been
also investigated for high-energy lepton colliders [164]. For
a proper study of complete composite Higgs models, additional
composite resonances have to be added to the simulation of the
VBS processes. Lastly, photon-induced processes using large
photon fluxes at high-luminosity lepton and hadron colliders,
e.g. from processes like γγ → HH, can also be used to search
for deviations, or directly as a probe of new physics [165, 41].
Though composite and Little Higgs models in general lead
to extensions of the SM scalar sector, the composite nature
of new resonances make these models special cases. On the
other hand, there are scalar extensions with fundamental par-
ticles which also have connections to multi-boson physics and
VBS [141]. Also here, there is a gigantic model space: In prin-
ciple, there can be an arbitrary number of (additional) Higgs
singlets, Higgs doublets, and Higgs triplets (or even higher weak
isospin representations); models can be embedded into super-
symmetric setups; coefficients of the potential can be real or
intrinsically complex; there can be additional discrete symme-
tries; and models differ on how additional Higgs multiplets de-
couple from the SM fermion sector. These additional states can
cause mixing effects on the different scalar Higgs states and CP
admixtures. In almost all these cases there are additional neutral
scalars, and in all multi-doublet Higgs models there are charged
Higgs bosons.
One of the largest constraint for non-minimal models (like
2HDM) is the ρ parameter, which parameterizes the radiative
corrections to the ratio MW/(cos θW MZ). There are also several
constraints on models with such extended scalar sectors: tree-
level unitarity for scattering processes of SM as well as new
particles, the boundedness of the scalar potential from below,
the existence of an absolute minimum in the potential. Some
of them are automatically fulfilled in 2HDM, but not in more
general Higgs multiplet models. Usually, 2HDMs are classi-
fied according to the discrete symmetries obeyed by the fermion
Yukawa couplings to the doublets [166, 167]. The classification
labels Type I, II, etc., are related to the precise set of discrete
symmetries imposed on the couplings. Among the most promi-
nent searches for the 2HDM at the LHC is the search for pair
production of heavy Higgs bosons with decays to lighter Higgs
bosons and b quarks. While the exclusion limits depend cru-
cially on the mixing angles of the vacuum expectation values
of the Higgs doublets (tan β) and how far the model is in the
decoupling limit (where the states of the two Higgs doublets
are ordered as a completely SM-like h(125) state as a custodial
SU(2)c singlet and a rather degenerate SU(2)c triplet of heavy
states H, A,H±), these searches can be used for all variants of
the 2HDM. This is irrespective of the couplings to the fermion
sector. Measurements of the Higgs couplings can be used to de-
tect admixtures of other states in the h(125), e.g. in non-minimal
2HDM (N2HDM type II, as in [168]), particularly to the ad-
mixture of Higgs singlets. The actual sign of each κ in the κ
framework for Higgs coupling measurements depends on the
chosen range of Higgs mixing angles in 2HDM [169, 170]. In
the 2HDM, there is a strong correlation between the Higgs cou-
pling measurements and the possible discovery reach in VBS:
perturbative unitarity of the 2HDM imposes a sum rule on the
couplings of all the scalar (and pseudoscalar) states to two EW
bosons. The stronger the HWW and HZZ are constrained by
the Higgs coupling measurements, the more SM-like the uni-
tarization of VBS due to the h(125) is. Future lepton colliders
like ILC and CLIC allow for a very precise determination of
Higgs couplings and have the highest discovery potential for
these models in the near future [171]. Another interesting topic
is the question of possible CP violation in the scalar sector.
Conclusive measurements at the LHC are rather difficult, and
this most likely also needs a future lepton collider.
Next, we discuss Higgs triplets and the GM model. As there
is a destructive interference between the hypercharge and the
weak contributions to the HVV couplings one needs a scalar
with at least isospin TL = 1 to enhance the SM rate. Further-
more, additional states need to get vacuum expectation values
and they need to mix with h(125). These models have both in-
teresting symmetry-breaking patterns, as they are able to gener-
ate neutrino masses, as well as phenomenology, which for ex-
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ample, can enhance the h → γγ decay rate via doubly charged
Higgs loops. A very popular implementation is the GM model,
which features an isospin doublet Φ with Y = 1/2, a complex
triplet χ with Y = 1, and a real triplet ξ with Y = 0. The in-
teresting case is when the two triplets are aligned as then these
models exhibit an accidental SU(2)c custodial symmetry and
ρ = 1 at tree level. The parameter space of this model has
been studied in [172] where deviations in κV and κ f have been
scanned.
At the workshop, the experimental search for singly and
doubly charged Higgs bosons at the LHC was discussed [23].
For light, charged scalars, there are searches for decays H+ →
cs¯ as well H+ → W+a, where a is a light pseudo-scalar Higgs
boson, and also H+ → t(∗)b¯ (potentially off-shell top decay).
These search channels are mostly used for heavier or heavy
charged Higgs bosons, where now in addition there is the de-
cay channel H+ → W+h(125). Also VBF charged Higgs pro-
duction with H+ → W+γ has been investigated [173]. Dur-
ing early data-taking, pair production of doubly charged Higgs
bosons (H±±) via the Drell-Yan mechanism decaying to pairs
of (light) same-sign leptons has been the dominant search sig-
nature [174]. Under the considered model assumptions, masses
of doubly charged Higgs bosons below m++ = 700 − 800 GeV
have been excluded. More recently, single production of H±±
through same-sign WW fusion has been considered. Due to a
smaller signal rate, however, only m++ . 250 GeV has been
excluded. Both searches can benefit from increased statistics.
Complementary to this experimental effort, there is still much
room for improvement in MC modeling of singly and doubly
charged Higgs production at hadron colliders [144, 41]. Using
state-of-the-art MC tools, modeling prescriptions and recom-
mendations were presented covering: the Drell-Yan channel at
NLO+PS and with jet vetoes; γγ fusion at LO+PS and with a
systematic assessment of photon PDF uncertainties; gg fusion
with NNNLL threshold resummation; and VBF at NLO+PS,
including generator-level cuts within the MC@NLO formal-
ism [41]. A key link in this modeling was the development
of the NLO UFO libraries TypeIISeesaw, which are publicly
available from the FeynRules model database.
3.4. Specific topics in precision of SM VBS processes
Though the main topic of the Lisbon COST “VBScan” work-
shop was the connection of VBS to BSM models, no deviation
from the SM can be reliably established without precise knowl-
edge on the SM predictions. Indeed, the COST “VBScan” net-
work initiated, through a series of workshops, a comparative
study on NLO and LO precision prediction at parton level and
matched to parton showers for same-sign VBS [10]. More ref-
erences to the dedicated papers can be found therein.
The difficulty is to restrict the full off-shell VBS process
to the underlying VBS dynamics. This must not be done by se-
lecting subsets of Feynman diagrams, as VBS and triboson pro-
duction are together in an inseparable gauge invariance class.
For lepton colliders this mixes the VBS process with two unde-
tectable forward neutrinos with the corresponding VVZ, Z →
νν¯ final state [175, 176, 177]. The equivalent for hadron col-
liders like the LHC is the corresponding hadronic decay of one
of the final state EW bosons to two jets, interfering with the
two forward jets of the VBS subprocess. To isolate the under-
lying dynamics, one has to find a cut flow to a fiducial phase
space enriching the VBS contribution. For lepton colliders this
fiducial phase space is defined in Ref. [175], while for hadron
colliders it is given in Ref. [151].
4. Synergies between theory and experimental analyses
The workshop concluded with an open discussion on how
to practically implement experimental analyses that target new
and previously-neglected BSM models or that can be exploited
in a global fit of EFT operators simultaneously with other fi-
nal states. It was noted that new and innovative ideas take time
to propagate into experimental analyses. For example: well-
known experimental analyses such as VBF Higgs production
with invisible decays [178, 179], or dark matter production via
VBF, may already be relevant for pNGBs dark matter [137],
but these models have not been considered by the experimental
collaborations. Several theorists expressed a general desire for
a better way to communicate models of interest to the experi-
mental community. It was also noted that making public addi-
tional material to more readily allow reinterpretation of data is
also strongly appreciated [180].
For experimental analyses targeting EFTs, it was empha-
sized that a global and consistent fit for dimension-6 operators
across many final states is highly sought after by the EFT com-
munity. While such approaches will take time to implement, a
critical mass of the experimental community is seemingly open
to the proposal, and efforts have begun to move forward with
this approach. It was, however, noted that many questions of
sensitivity to different operators across final states could al-
ready be answered with a thorough MC study. For example,
it has been demonstrated that dimension-6 operators can play a
role compared to dimension-8 in VBS signatures [77], but the
role of VBS measurements in a global fit is not yet extensively
known. An extensive MC study could take place on much faster
time scale than an exhaustive set of experimental analyses, and
would provide valuable input to experimental efforts.
Further discussion focused on new techniques to expand
searches for new physics. Trigger ”scouting,” used successfully
by the CMS Collaboration to extend searches for new physics
at low mass [181], offers an exciting avenue to explore uncon-
ventional or experimental difficult signatures. With the huge
data sets expected from the HL-LHC phase with upgraded de-
tectors, significant improvement in reconstruction algorithms is
envisioned. As discussed in the dedicated talk [42], ML is ex-
pected to play a critical role in these advancements.
5. Conclusions
Vector boson scattering (VBS) and triple boson production
measurements at the LHC until now have been more or less ex-
clusively been in the realm of the SM and EW working groups
of the experimental collaborations at the LHC. Deviations from
the SM in these channels have been searched for in the rather
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generic framework of effective field theories (EFTs). The main
purpose of this workshop was to bring together experts on model
building and phenomenologists working on BSM scenarios rel-
evant for VBS (and tribosons) with the experimental commu-
nity working on these channels. The intention was to kick off
and foster collaborations between the two different communi-
ties, to provide an overview to the experimental groups on the
relevant model space and to present these specific rarest EW
processes at the LHC as vehicles for BSM searches.
There were many interesting discussions taking place be-
tween the talks, after the sessions, and also during the social by-
programme of the workshop. These discussions covered many
different topics, e.g. the question on the importance of global
fits for EFTs vs. limits on individual Wilson coefficients, the
question of complete bases for EFT, and of course the proper
definition for signal models for high-energy tails in this setup.
For all different VBS channels there were constructive and con-
tinuous discussions on the available SM theory precision pre-
dictions for these processes and the corresponding theory un-
certainties, particularly in the high-energy bins, and also on the
availability, flexibility, and physics coverage of different theory
tools. There was also an extended discussion on the upcom-
ing stronger inclusion of semi-leptonic and even fully hadronic
measurements in the VBS channels, as those processes are the
only ones, together with the rare ZZ → ````, that allow to
reconstruct the full invariant mass of the diboson system and
hence the energy scale of EFT operators to be constrained.
An extensive discussion was devoted to the coverage of
the searches and the question whether there is a non-negligible
model space that is not searched for in VBS (or in general by
the experiments). This led to a longer discussion on triggers,
on the question of definition of final states, and the coverage
via fiducial phase space volumes, and in general the question
on model-independence and searches without bias.
On the experimental front, studies of VBS processes in the
SM are expanding rapidly. The understanding of ZZ, WZ, and
W±W± production from VBS have all been advanced by ex-
ploiting the full Run 2 data set. Experimental techniques for
reconstruction and selection, including machine learning, have
also allowed channels with more challenging hadronic decays
to become accessible. As the full Run 2 data set is analyzed in
all channels, and with the luminosity of the LHC Run 3, VBS
is an exciting experimental probe.
The focus of experimental efforts in VBS have largely fo-
cused on the first observations and characterization of SM VBS
production. In many cases, constraints on anomalous VBS pro-
duction in the language of EFT have also been placed. How-
ever, dedicated searches for specific models that are most sensi-
tive to VBS production are less common. The theoretical com-
ponent of this workshop provided important context and con-
siderations for the validity and applicability of EFT constraints,
as well as many ideas for areas where VBS searches would be
welcome. Improving the breadth of experimental searches to
new, unexplored models can significantly expand the role of
VBS studies in characterizing extensions of the SM.
Finally, we hope that this write-up serves as a collection
of material for the status of VBS and triboson processes at the
LHC together with an overview over a selection of BSM mod-
els for which these search channels might prove interesting or
relevant.
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